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Abstract 

The and hypernuclear bound states have been observed for the first time in kaon 
electroproduction on ^'^He targets. The production cross sections have been determined at = 
0.35 GeV^ and W = 1.91 GeV. For either hyper nucleus the nuclear form factor is determined 

by comparing the angular distribution of the "^'^116(6, e' K^Yf^Yi processes to the elementary cross 
section ^'B.{e,eK^)K on the free proton, measured during the same experiment. 

PACS numbers: 21.45.+V, 21.80.+a, 25.30.Rw, 27.10.+h 
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FIG. 1: Reconstructed missing mass spectra for ^He (left) and ^He (right) targets in the region 
of quasifree A production for different kinematic settings. Data points are shown with statisti- 
cal error bars. Simulations of the quasifree (q.f.) reactions ^'^He(e, e'X^) are shown by dashed 
lines. Solid lines represent the sum of simulations of the q.f. background and the bound state 
reactions, ^'^He(e, e'X"'")^'^!!. The thresholds for q.f. production, A +^ H, A H, respectively, are 
denoted by vertical lines. 

This paper presents the first reported results in the measurement of angular distributions 
of electroproduced hypernuclear bound states on ^'"^He, namely the |H and bound 
states. In a hypernucleus, one of the nucleons has been replaced by a hyperon, i.e. A or 
S, so that the hyperon inside the nucleus carries strangeness in contrast to the remaining 
nucleons. This new degree of freedom inside the nucleus is not blocked by the Pauli-Principle. 
Inasmuch as hypernuclei provide a laboratory in which to study the strong hyperon-nucleon 
interaction as well as the weak decay of the hyperons in the nuclear medium, hyperons 
within a nucleus may also be viewed as impurities probing the nuclear structure Q]. 

There is no known bound hyperon-nucleon system for A = 2. The hypertriton is 



the lightest hypernucleus and the only one with A = 3. For A = 4, both and ^He are 
bound. These light hvpernuclei were first observed more than 50 years ago as hyperfragments 
in emulsion studies j2|. Since these early measurements, these hypernuclei have not been 
studied in reaction spectroscopy, inasmuch as |H and cannot be produced from He 
targets in reactions employing only charged meson beams and ejectiles, e.g. the established 
{tt^,K~^) and (-ft"~,7r~) reactions. The advent of high quality and high intensity electron 
beams offers a novel opportunity to study these nuclei in the (e, e'K~^) reaction. 

The results presented here are part of a study of kaon electroproduction on light nuclei, 
E91016, conducted in Hall C of the Thomas Jefferson National Accelerator Facility. The 
data were obtained at an electron beam energy of 3.245 GeV and beam currents of 20 — 
25 fiA incident upon specially developed high density cryogenic targets for A = 1 — 4. The 
Helium target lengths were approximately 4 cm, the thicknesses being 310 mg/ cm^ (^He) and 
546 mg/cm^ (^He), ±1% respectively. The backgrounds from uncorrelated {e',K^) pairs, 
as well as contributions from the aluminum walls of the cryogenic targets, were subtracted 
in the charge normalized yields. 

The scattered electrons were detected in the High Momentum Spectrometer (HMS, mo- 
mentum acceptance Ap/p ~ ±10%, solid angle ~ 6.7 msr) in coincidence with the elec- 
troproduced kaons, detected in the Short Orbit Spectrometer (SOS, momentum acceptance 
Ap/p ^ ±20%, solid angle ~ 7.5 msr). The detector packages of the two spectrometers 
are very similar j^. Two drift chambers near the focal plane, utilized for reconstructing the 
particle trajectories, are followed by two pairs of segmented plastic scintillators that provide 
the main trigger signal as well as time-of-flight information. The time-of-fiight resolution is 
~ 150 ps (cr). For electron identification, a lead-glass shower detector array is used together 
with a gas threshold Cerenkov, in order to distinguish between e~ and tt~ . For kaon identifi- 
cation in the SOS, a silica aerogel detector (n=1.034) provided /n^ discrimination while 
an acrylic Cerenkov counter (n=1.49) was used for /p discrimination. Utilizing time of 
flight together with the Cerenkov detectors, kaons are clearly separated from background 
pions and protons Electroproduction processes exchange virtual photons, 7*, between 

projectile and target. The spectrometer angle for electron detection was kept fixed during 
the experiment, thereby holding the virtual photon flux constant (cf. Ref. jyl). The angle 
of the kaon arm was varied to measure angular distributions with respect to the direction of 
7*. The invariant mass of 7* was = 0.35 GeV^, the total energy in the photon-nucleon 
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FIG. 2: Angular distributions of cross sections in the virtual photon-nucleus center of mass for 
the 3'4He(e,e'i^+)^'^H and ^R{e,e'K+)A (scaled by 0.1) processes, plotted vs. OJ:'^. The data are 



given in Tabled 



system was W = 1.91 GeV. The '^'^He(e, e'A'"'")X process was studied for three different 
angle settings between 7* and the ejected kaon {K), 0^^}'j^+ ^ 1.7°, 6°, 12°, that correspond 
to increasing the momentum transfer to the hypernucleus (| t |~ (0.12, 0.14, 0.23) GeV^). 
The central spectrometer momenta were 1.29 GeV/c for the kaon arm and 1.58 GeV/c for 
the electron arm. 

The final states, X, in '^'^He(e, e'K)X in the reconstructed missing mass spectra of the 
recoiling system are shown in Fig. ^ were identified using the four-momenta q of the virtual 
photon, pk of the outgoing kaon, and total missing momentum Pmiss, = (g + -Pmiss— Px)^- 
For ^He, a bound state is clearly visible for all three angles just below the ^H— A threshold 
of 3.925 MeV. For ^He, just below the - A threshold of 2.993 MeV, the bound state 
is barely visible as a weak shoulder for 1.7°, but clearly present for 6° and 12°. 



Two states of the system are known P], the ground state with a binding energy of 
(2.04 ± 0.04) MeV, = 0+, and an excited state, bound by (1.00 ± 0.06) MeV, = 1+. 
The experimental resolution of ~ 4 MeV is, however, not sufficient to resolve the ground 
and excited states of the system. The calibration of the missing mass spectrum has been 
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FIG. 3: Ratios R = criab(^'^He)/criab(^H) for \H (upper panel) and \H (lower panel). The dashed 



and dot-dashed curves are related to the respective nuclear form factors calculated in Ref. 
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performed using elastic ^H(e, e'p) data as well as ^H(e, e'K~^)A data, both obtained during 
the same experiment. The precision of the calibration is estimated to be better than 1 MeV. 
Since the missing mass spectra have not been shifted with respect to the known binding 
energy of the state after calibration, the observed agreement shows the adequacy of the 
procedure. Inasmuch as electroproduction has a large spin-flip probability in the forward 
direction , the excited state of the system should be favored and the data interpreted 
as a superposition of the ground and excited states, where the excited state is favored even 
more strongly closer to 0°. 

The electroproduction cross section may be written as 
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r ■ 



da 



dQedEedflx dflx 
where is the virtual photon cross section and T denotes the virtual photon flux factor 
viz 

r 



a El 1 W^-M^ 



27r g2 1 - e 2M 

where M is taken to be the nucleon mass. The experimental cross sections were extracted 
using a Monte Carlo simulation that modeled the optical conditions of the spectrometers, 
kaon decays, small angle scattering, energy losses and radiative corrections 0, 0]. The 



6 



TABLE I: Differential cross sections for electroproduction of and y^^H bound states. In the 
laboratory, uiab denotes the five fold differential cross section d^a / dUedE(.dQ,K , (^cm denotes the 
two fold differential cross section d'^u/dVL in the virtual photon- nucleus center of mass system. 
The last two columns give the cross section for the ^H(e,e'i^+)A process, obtained during the 
same experiment. The combined statistical and systematic errors are given. The first row shows 
data for 1.7° averaged over the azimuth. The 0cm angles corresponding to 0iab of 1.7°, 6°, 12° are: 
2.7°, 9.5°, 18.9°; 2.5°, 8.7°, 17.4°; 4.6°, 16.0°, 31.7°; for ^He, ''He, and targets, respectively. 

iH iH A 

0-lab(nb/GeV/sr2) 0-cm(nb/sr) CJiab O-cm f^lab <7cm 

< 1.7 > 0.045 ± 0.008 5.15 ± 0.94 0.156 ± 0.008 20.83 ± 1.13 10.59 ± 0.21 465.01 ± 9.42 

1.7 0.047 ± 0.020 5.27 ± 2.26 0.185 ± 0.025 24.70 ± 3.31 9.80 ± 0.52 430.43 ± 22.75 

6 0.024 ± 0.011 2.77 ± 1.30 0.093 ± 0.018 12.36 ± 2.34 9.90 ± 0.17 437.31 ± 7.61 

12 0.029 ± 0.017 3.38 ± 2.00 0.032 ± 0.009 4.47 ± 1.21 7.58 ± 0.13 363.78 ± 6.10 



^'^He(e, e'K~^)\^Y{ bound state production process was modeled assuming coherent produc- 
tion off a stationary target nucleus. In order to facilitate the subtraction of the unresolved 
quasifree tail underneath the bound state region, the quasifree ^'^Hefe, e'K^)X processes off 



nucleons inside the target nuclei, ^'"^He had to be modeled as well 9|. Since no models are 
available for the electroproduction on A = 3, 4 nuclei, we use an elementary cross section 
model ^ 1^ which is convolved by spectral functions for ^'^He. Our dedicated model 
was shown to describe our "'^H(e, e'K^) data best over the acceptance [l^. Final state inter- 
actions in the vicinity of the respective quasifree thresholds were taken into account by using 



an effective range approximation 



12j | which gave satisfactory results as shown in Fig. ^ 



The uncertainty of fitting the strength of the background to the quasifree continuum 
is the dominant source of the error of the cross section for the bound state distributions, 
particularly for the low yields for the bound states, this results in large uncertainties. 
Furthermore, since the effective range approximation is very simple and takes into account 
only 2-body A-nucleon interactions, a model dependent error has been estimated by fitting 
the shape of the quasifree tail with a simple parabolic function. This results in larger 
background subtractions and leads to cross sections ~ 20% lower than for the effective 
range ansatz. Thus the background was estimated to be the mean of the two results with 
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an additional error derived from the differences of tlie two cases. Any other sources of 
systematic uncertainties are on a few per cent level. The extracted cross sections are given 
in Table lU For the angular distribution shown in Figure |2l data were restricted to a common 
covered range in azimuthal angle of (180 ± 24)° (last three rows of Table P). The point to 
point systematic uncertainties are ~ 36%, 39%, 50%; 11%, 16%, 23%; 4.4%, 1.5%, 1.4% for 
^He, ^He, ^H, respectively. For the setting with near parallel kinematics, 1.7°, however, the 
full azimuth was covered (first row of Table HJ. For these data, the point to point systematic 
uncertainties are ~ 15%, 4.3%, 4.4% for ^He, ^He, ^H, respectively. For both and the 
cross section at 6° is a factor of two lower than at 1.7°. The 12° data point for ^H, however, 
strongly deviates from this behaviour, making the |H angular distribution flatter than for 



Fig. El shows the ratio R = o"iab(^'^He)/criab(^H) of the laboratory cross sections of 
3'^He(e, e'K+f/R to the cross section on the free proton. R is related to the nuclear form 
factor F{k) by R{k) = S ■ W\ ■ F'^{k) 13], where k is the three momentum transfer to the 
hypernucleus, 5* is a spin factor and Wa combines phase space and flux factors. We calculate 
R{k) for our kinematics using Wa = 2.1(1.68), k = 2.02(2.08), 2.19(2.23), 2.69(2.69) fm'^ for 



(^H). For we take the parametrization of F{k) and 5* = 1/6 of Ref. in which 
Gaussian approximations for the underlying ^H, ^He wave functions are used. For an 
expression of F{k) similar to the |H case is derived |l^, using Gaussian approximations 
for the underlying ^H, ^He wave functions and the charge elastic form factors of ^'^He of 

reasons. At 1.7° the calculated 
reduction of the elementary cross section by the form factor is ~ 250 (aH) and 100 (^H). 
The shape of the calculated R{k) for both hypernuclei is similar to the shape of the data 
for 1.7° and 6°, while it deviates for the 12° data. The latter may indicate a breakdown 
of approximating the underlying wave functions by Gaussians. For at 1.7° and 6°, the 
calculated R{k) is 40 — 50% higher than the data which suggests that the underlying wave 
functions are too simplistic such that their overlap is too large. Realistic wave functions 
obtained from Faddeev calculations are expected to give rise to more precise information. 
Future measurements at high three momentum transfer k would be highly desirable. 

The production of the bound hypernuclei (hypertriton) and has been achieved 
for the first time in electroproduction and, for the first time in reaction spectroscopy, angular 
distributions for the ^''^He(e, e'K)^'^}i processes have been obtained. The angular distribu- 
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tion for ^He is flatter than for ^He at large angles. Comparing these cross sections to the 
cross section on the free proton shows that the angular dependence of the cross section is 
determined by the nuclear form factor for small angles but deviates for larger angles. This 
should be tested by performing more precise calculations using realistic wave functions. 
These data and future measurements using dedicated spectrometer systems with resolutions 
below 1 MeV may trigger a renaissance of the spectroscopy of the lightest hypernuclei 
that have not been studied since the flrst emulsion experiments many years ago. 
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